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shown. With respect to cell–matrix 
interactions, the α2β1 integrin prefers 
native fibrillar collagen, primarily types 
I and III, as a ligand, but in intact skin, 
this receptor is separated from these 
dermal matrix components by the base-
ment membrane. Although α2β1 can 
bind type IV collagen and some forms 
of laminin, it interacts with these base-
ment membrane proteins with lower 
affinity than it does with types I and III 
and only under certain divalent metal 
ion conditions that are questionably 
physiologic (Tulla et al., 2001). Thus, it 
seems that in intact epidermis α2β1 does 
not have ready access to an extracellu-
lar matrix protein ligand.
Questioning further a role for α2β1 
in intact epidermis is the lack of an 
apparent defect in the skin in two lines 
of mice deficient in the α2-subunit. 
These knockout mice were generated 
by Beate Eckes and co-workers at the 
University of Cologne (Holtkotter et al., 
2002) and by Mary M. Zutter and co-
workers at Washington University in 
St. Louis before they moved to Vanderbilt 
University (Chen et al., 2002). Both 
groups reported that skin develops 
normally in these mice (although they 
found similar, though relatively minor, 
defects in platelet adhesion to type I 
collagen; α2β1 was first discovered on 
platelets). Because, as is stated above, 
the α2β1 integrin is expressed at rela-
tively high levels on basal keratinocytes, 
the lack of an epidermal phenotype was 
somewhat surprising.
So, what is α2β1 doing in the epider-
mis? To me, the answer lies in innate 
immunity. By their ability both to bind 
a variety of host and exogenous pro-
teins encountered extracellularly and 
to influence the cell’s response to these 
interactions, integrins are, in essence, 
pattern recognition receptors, not 
unlike toll-like receptors, lectin-bind-
ing proteins, and more. In addition, as 
with many components of the innate 
immune system, knocking them out 
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Non-transformed cells do little beyond 
their differentiated functions until they 
receive — and respond to — stimuli or 
insults from outside. Among the surface 
molecules that receive and transduce 
external signals are integrins. Integrins 
are a large family of heterodimeric 
proteins composed of an α-chain and 
a β-chain, and different combinations 
of these subunits form transmembrane 
receptors that bind a wide variety of 
“things” in the extracellular space, such 
as matrix proteins, circulating factors, 
latent growth factors, proteinases, other 
cell surface molecules, virus particles, 
and more (Wehrle-Haller and Imhof, 
2003). Once bound by substrate, inte-
grins transduce information via out-
side-in signaling to regulate various 
responsive processes, such as prolifera-
tion, gene expression, and cell survival. 
Thus, integrins provide cells with criti-
cal information on where they are and 
what they encounter. Consequently, 
several members of this receptor fam-
ily function in tissue homeostasis. In 
addition, because integrins can alert 
cells that their local environment has 
changed, they are essential media-
tors of activation in response to injury, 
infection, and inflammation.
In the intact epidermis, integrins are 
confined mostly to basal keratinocytes, 
although some, such as the αvβ8 inte-
grin, are expressed in the suprabasal 
layers (Watt, 2002). The prominently 
expressed integrins in the basal layer of 
intact, healthy epidermis include α2β1, 
α3β1, and α6β4, and critical roles in epi-
dermal integrity have been established 
for two of these. The α6β4 integrin is a 
component of hemidesmosomes and 
binds laminin-322 (previously called 
laminin-5) in the basement membrane. 
As has been demonstrated in studies of 
patients with junctional epidermolysis 
bullosa and with gene-targeted mice, 
α6β4 is an essential structural compo-
nent of hemidesmosomes anchoring 
keratinocytes to the basement mem-
brane. Similarly, the α3β1 integrin binds 
laminin-322, and the occasional blis-
ter formation and disrupted basement 
membrane seen in α3-subunit knockout 
mice indicate that this receptor also 
supports cell–matrix interactions of 
basal keratinocytes.
The α2β1 integrin is more abundant 
in basal keratinocytes than are the α3β1 
and α6β4 integrins; however, in contrast 
to the other two, a function for α2β1 in 
intact skin has not been demonstrated. 
In basal keratinocytes, α2β1 is distrib-
uted along the basolateral and apical 
surfaces, and this localization led to the 
suggestion that it functions in cell–cell 
adhesion, possibly by interacting with 
the α3β1 integrin on adjacent cells 
(Symington et al., 1993). However, an 
interaction between these integrins or 
a role for α2β1 in cell–cell adhesion 
between keratinocytes has not been 
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in mice often does not yield a pheno-
type until the mice are challenged. (In 
my discussion of the innate immune 
system, I am including not only leuko-
cytes, such as neutrophils, eosinophils, 
and macrophages and their various 
defense products, but also the resident 
tissue cells, principally the epithelium, 
that directly defend against microor-
ganisms and can initiate and direct an 
inflammatory response.) The epitheli-
um of all tissues is the first barrier sepa-
rating our pristine insides from a fairly 
vile environment. When wounded, this 
barrier is breached, creating an oppor-
tunity for infection. Thus, the ability of 
epithelia to respond quickly to injury 
and to close wounds is an important 
component of the innate immune sys-
tem. In models of human skin, we have 
shown that the α2β1 integrin is an essen-
tial component of the epidermal repair 
machinery, and hence, its presence in 
intact epidermis may reflect a waiting 
function in immunity.
Working with human cells and skin 
explants, we reported that keratino-
cyte migration and wound closure are 
dependent on the α2β1 integrin, colla-
genase-1 (matrix metalloproteinase-1 
(MMP-1)), and type I collagen (Dumin 
et al., 2001; Pilcher et al., 1997). The 
mechanism we proposed involves the 
ability of wound-edge keratinocytes, 
which have moved off the damaged 
basement membrane, to interact with 
dermal type I collagen via ligation with 
α2β1. Indeed, using cells from knock-
out mice, the Cologne group recently 
reported “that the α2β1 integrin is abso-
lutely required for keratinocyte adhe-
sion to collagens” (Zhang et al., 2006), 
an observation confirmed by Grenache 
et al. (2007) in this issue of the Journal 
of Investigative Dermatology. Once 
bound to dermal collagen, α2β1 trans-
duces signals to initiate a promigratory 
phenotype, which involves induction of 
several genes, including MMP1. MMP-
1 binds α2β1 and catalyzes an essential 
step of a three-component system that 
we believe drives keratinocyte migra-
tion. In essence, MMP-1 cleaves type 
I collagen, and upon limited proteoly-
sis, the collagen fiber relaxes at body 
temperature, reducing its avidity for 
the α2β1 integrin. The integrin then dis-
lodges and re-establishes contact with 
native collagen in the open, superficial 
area of the wound bed. Repetition of 
this cycle of ligation, cleavage, sepa-
ration, and ligation functions as a type 
of “motor” maintaining keratinocyte 
movement and, importantly, direc-
tionality. In these studies, keratinocyte 
migration was halted if we blocked the 
ability of α2β1 to bind ligand (with neu-
tralizing antibody), inhibited MMP-1 
expression or activity, or plated cells on 
collagenase-resistant type I collagen. 
On the basis of our data, we proposed 
that the constitutive expression of α2β1 
keeps the epidermis primed and ready 
to respond to injury (Parks, 1999). In 
other words, an essential role in wound 
closure — in innate immunity — pro-
vided the evolutionary pressure that 
kept α2β1 at high levels in intact skin.
Sounds reasonable, right? It did until 
the Eckes and Zutter groups wounded 
their α2 integrin subunit-deficient mice. 
As they report in this issue (Grenache 
et al., 2007; Zweers et al., 2007), as 
well as in earlier publications (Chen et 
al., 2002; Zhang et al., 2006), the rate 
of epidermal wound closure and the 
appearance of the migratory front are 
not altered in the α2-null mice. Both 
groups also report that collagen content 
and wound tensile strength — param-
eters that reflect largely a role (or lack 
of a role) of the integrin on dermal 
fibroblasts — do not differ in wild-type 
and α2 knockout mice (Grenache et al., 
2007; Zweers et al., 2007). In addition, 
both groups observed increased neo-
vascularization in the wound bed of 
α2-null mice as compared with wild-
type animals. Although no mechanism 
is explored to explain this interesting 
phenotype, Zweers et al. (2007) pro-
pose the intriguing idea that a lack of 
the α2β1 integrin on endothelial cells 
could favor the proangiogenic func-
tion of α1β1, another collagen-binding 
integrin. Because of the sharp contrast 
to the requirement of the α2β1 integrin 
observed in healing in human skin, I 
shall focus my discussion on the lack of 
a re-epithelialization phenotype in the 
α2-null mice.
Although the negative findings 
reported by Zweers et al. (2007) and 
Grenache et al. (2007) might indi-
cate that α2β1 integrin is dispensable 
for repair of cutaneous wounds, there 
are three caveats worth recognizing. 
First, there are fundamental differences 
between the loss-of-function approach-
es used in the human and mouse stud-
ies. Whereas we used antibodies to 
block α2β1’s ability to bind substrate, 
the mouse studies used gene targeting 
to ablate expression. As Grenache et 
al. (2007) discuss, antibody binding to 
an integrin may initiate signaling that 
would not be possible in the absence of 
the receptor. Similarly, whereas block-
ing antibodies against the αvβ3 integrin 
inhibits angiogenesis, formation of new 
blood vessels is not defective in mice 
lacking this receptor.
The second, and what I believe to 
be a more important, consideration 
centers on differences in the amount 
and distribution of dermal collagen 
between mice and humans and on 
the composition of the matrix upon 
which keratinocytes migrate. Whereas 
mouse dermis is a loose connective 
tissue, human dermis is dense with 
thick fibrillar collagens. Thus, because 
human keratinocytes migrate across a 
collagen-rich substratum, the human 
α2β1 integrin may be more critical 
in this setting or serve functions not 
required in murine wound repair. Both 
groups assessed healing of full-thick-
ness excisional wounds, which extend 
below the superficial collagen-contain-
ing dermis of rodent skin. Beyond this 
region, keratinocytes would encounter 
a “collagen-light” matrix, probably one 
rich in serum proteins, such as fibro-
nectin and vitronectin, which the cells 
would also encounter in the provi-
sional matrix deposited throughout the 
wound bed. As Grenache et al. (2007) 
show, α2-null keratinocytes migrate just 
as well as wild-type cells on fibronec-
tin but much less so on type I collagen. 
Encountering a compositionally dis-
tinct matrix in the deeper areas of the 
wound, however, does not adequately 
explain how the α2-null keratinocytes 
migrated past the collagen-contain-
ing dermis during the early stages of 
re-epithelialization. Using an epiboly 
assay with skin explants, Grenache 
et al. (2007) found that epidermal 
migration over the superficial dermis 
did not differ markedly between skin 
from wild-type and skin from α2-null 
mice. However, the skin biopsies 
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were placed under serum-containing 
medium, thus providing a source of 
fibronectin that could have coated the 
exposed dermal substratum.
The third consideration, and one 
addressed by Grenache et al. (2007), is 
that changes in gene expression com-
pensate for the loss of the α2β1 integrin. 
Indeed, they found increased expression 
of stromelysin-1 (MMP-3), stromelysin-2 
(MMP-10), and collagenase-3 (MMP-13) 
in wounds from α2-null mice as com-
pared with the levels in wild-type tis-
sue. In both human and mouse wounds, 
MMP-3 and MMP-10 are expressed by 
distinct populations of keratinocytes at 
the wound front; however, the function 
of these two proteinases in re-epithelial-
ization has not been explored. In human 
skin, MMP-1 is invariably and promi-
nently expressed by keratinocytes at the 
wound front, but in mice, the migrating 
epidermal cells express MMP-13. It is 
relevant that although both are called 
collagenases, MMP-13 and MMP-1 
have distinct preferences for matrix sub-
strates. Whereas MMP-1 makes a single-
site cleavage in fibrillar collagens (types 
I, II, and III), MMP-13 can thoroughly 
degrade collagens, as well as many 
other matrix proteins. Thus, the apparent 
difference in the requirement of the α2β1 
integrin between humans and mice may 
reflect differences in the specificity of 
MMPs expressed by wound-edge kera-
tinocytes and in the composition of the 
matrix upon which they migrate. Thus, 
in mouse skin, the function of α2β1 may 
be overridden by broad substrate speci-
ficity of MMP-13 and by the ability of 
the keratinocytes to interact with other 
matrix proteins. Experimentally, this 
controversy in α2β1 function — which 
impacts how extensively mice can be 
used to address questions of human biol-
ogy — can be addressed by “humaniz-
ing” mouse epidermis and “mousizing” 
human keratinocytes.
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